ABSTRACT. Maternal corticosteroid treatments decreased lung protein leaks and increased the compliance responses to exogenous surfactant in 27-day preterm rabbits. We asked if maternal corticosteroid treatments at different gestational ages might alter these responses. Pregnant does were given 0.1 mglkg betamethasone 48 and 24 h before study of the rabbits at 27,28, and 29 days of gestational age and term newborns at 31 days of gestational age. Alternate rabbits at each gestation were treated with 50 mg/kg surfactant after delivery. Alveolar saturated phosphatidylcholine pool sizes increased with gestation similarly in control and corticosteroid-treated groups. Corticosteroids improved compliance relative to control values at 29 days of gestational age in animals not treated with surfactant and improved the compliance response to surfactant treatment at 27 and 28 days of gestational age. Corticosteroids decreased the leak of radiolabeled albumin to the lungs and alveolar washes at all preterm gestations with a maximum decrease to 16% of the control value at 29 days of gestation. Surfactant decreased this protein leak more effectively than did corticosteroids at the earlier gestations. There were potentially beneficial effects of corticosteroids either alone or together with surfactant at all preterm gestations studied. No protein leak or compliance effects of either treatment were noted in the term newborns. (Pediatr Res 25:32-37,1989) Maternal corticosteroid treatments are used routinely to decrease the incidence of respiratory distress syndrome in preterm infants (1). Recent clinical trials indicate that surfactant treatments of infants at risk also decrease the incidence and severity of respiratory distress syndrome (2), and Kwong et al. (3) reported in abstract that maternal corticosteroid treatments improved the clinical response to subsequent surfactant treatments at birth. These clinical observations are consistent with the multiple reports of fetal lung maturation resulting from maternal corticosteroid treatments. A common theme of many of the studies was that the important effect of corticosteroids was to induce surfactant synthesis. Although maternal corticosteroid treatments increased alveolar pool sizes of unventilated preterm rabbits (4-6), no changes in alveolar surfactant were found after short-term ventilation (4, 7). Maternal corticosteroid treatments altered the lung function in ventilated 27-day gestational age rabbits independently of change in alveolar-saturated phosphatidylcholine pool sizes. Such treatments decreased protein leaks from the
Maternal corticosteroid treatments are used routinely to decrease the incidence of respiratory distress syndrome in preterm infants (1) . Recent clinical trials indicate that surfactant treatments of infants at risk also decrease the incidence and severity of respiratory distress syndrome (2) , and Kwong et al. (3) reported in abstract that maternal corticosteroid treatments improved the clinical response to subsequent surfactant treatments at birth. These clinical observations are consistent with the multiple reports of fetal lung maturation resulting from maternal corticosteroid treatments. A common theme of many of the studies was that the important effect of corticosteroids was to induce surfactant synthesis. Although maternal corticosteroid treatments increased alveolar pool sizes of unventilated preterm rabbits (4) (5) (6) , no changes in alveolar surfactant were found after short-term ventilation (4, 7) . Maternal corticosteroid treatments altered the lung function in ventilated 27-day gestational age rabbits independently of change in alveolar-saturated phosphatidylcholine pool sizes. Such treatments decreased protein leaks from the vascular space to the lungs and increased protein leaks from the airspaces out of the lung, decreased lung rupture pressures, and dramatically improved the compliances and dose response curves of the rabbit lungs to surfactant (4, (7) (8) (9) (10) . Such altered responses were consistent with effects resulting from lung structural alterations mediated by corticosteroids (1 I). However, the preterm ventilated rabbits at 27 days of gestational age had severe lung immaturity, and over 10% of the total intravascular albumin leaked into the lungs after just 30 min of mechanical ventilation (9) . This degree of pulmonary edema was more severe than that seen in infants with respiratory distress syndrome. Therefore, we asked if maternal corticosteroid treatments could alter protein leaks and surfactant responses at more advanced gestational ages.
MATERIALS AND METHODS
Corticosteroid treatments. Pregnant New Zealand White rabbits were given intramuscular injections with 0.1 mg/kg betamethasone (Celestone Soluspan, Schering-Plough Corp., Kenilworth, NJ) 48 and 24 h before preterm delivery at 27, 28, and 29 days of gestation or before term delivery at 31 days. The control does at each gestation receive injections with vehicle at the same times. Five to seven pregnant does were used for each control and corticosteroid-treated group at each gestational age.
Delivery and ventilation. The does were anesthetized with intravascular pentobarbital and were given oxygen by face mask. Lidocaine with epinephrine was used as supplemental anesthesia for the abdominal wall, and the fetuses were sequentially delivered, weighed and given 10 mg/kg ketamine and 0.1 mg/kg acepromazine by intraperitoneal injection. The trachea of each newborn was exposed through a small incision in the anterior neck, and a short tube made from a 17-gauge needle was tied into the trachea. Alternately delivered fetuses then received, via the endotracheal tube, either 3.8 ml/kg body weight saline containing 1 pCi 1251-albumin per animal or 3.8 ml/kg saline containing the 1251-albumin plus 50 mg/kg natural calf surfactant. Each rabbit was ventilated with 100% oxygen using an anesthesia bag and manometer for about five breaths and transferred to a ventilator-plethysmograph system that permitted the simultaneous ventilation of 10 newborn rabbits (7) . The plethysmographs were a series of 10 clear plastic boxes, temperature-controlled at 37"C, that were connected to 10 rebreathing circuits containing soda lime and driven by a Sechrist infant ventilator (Sechrist Industries, Anaheim, CA). The 27-and 28-day gestational age rabbits were ventilated at a rate of 40 breaths/min using an inspiratory time of 0.7 s; the 29-day gestational age and newborn rabbits were ventilated at a rate of 30 breaths/min using a 0.7-s inspiratory time. All animals were ventilated with 100% oxygen, and no positive end expiratory pressure was used to avoid the air trapping that seems to occur in preterm rabbits (7) . Three litters of the 3 1-day gestation rabbits delivered spontaneously 1 to 3 h before being studied and the other litters were delivered by cesarean section and allowed to breathe for 1 to 2 h before 33 being studied. These rabbits will be referred to as term newborn rabbits because there were no differences in the variables measured between rabbits delivered spontaneously and those delivered by cesarean section. The tidal volume of each rabbit was measured at least every 5 min with a pneumotachometer, and the peak inspiratory pressure was regulated independently for each rabbit to achieve a tidal volume of about 10 to 12 ml/kg (7). Compliance was calculated as a total lung compliance by dividing tidal volume by peak inspiratory pressure and the body weight in kg.
Immediately after the start of mechanical ventilation, each rabbit received 75 pl/ 10 g body weight of saline containing 1 pCi 1311-albumin via the external jugular vein. The average time from delivery to albumin injection was 3 min. After 30 min of ventilation, each rabbit was killed with an intrathecal injection of lidocaine and was disconnected from the ventilator. After the chest was opened to expose the heart, a heparinized heart blood sample was drawn. This blood sample was used to measure P C O~ pH, labeled albumin, and Hb content. The sex of each rabbit was determined by examination of the internal gonads (5) .
Processing of lungs. The chest was completely opened, and five aliquots of room temperature 0.9% NaCl were used to fill the lungs visibly. Each aliquot was flushed into and out of the airways 3 x (7, 9). The recovered volumes, which were about 90% of the injected volumes, were saved as the pooled alveolar wash. The lung tissue was removed from the chest, weighed, and homogenized in 4 ml of water. Aliquots of the homogenates and alveolar washes were used to measure labeled albumin and saturated phosphatidylcholine contents. Protein content of the alveolar washes was measured using the method of Lowry et al. (12) . The hemoglobin measurements from the lung homogenate and blood together with measurements of labeled albumin in blood were used to correct for intravascular blood that remained in the lung tissue (1 3).
Materials and analytical techniques. Calf surfactant was isolated from alveolar washes from fresh, 1-day-old calf lungs by a series of centrifugation steps as previously described (1 4). Labeled albumins were prepared using chloramine T and monomer standard BSA (Miles Laboratories, Inc., Elkhart, IN). The iodinated proteins were extensively dialyzed, and incorporation was verified by trichloroacetic acid precipitation (1 3). Hemoglobin was measured using Drabkin's solution. Lipid extracts of the lung homogenates and alveolar washes were treated with osmium tetroxide, and the saturated phosphatidylcholine was recovered by column chromatography using neutral alumina according to Mason et al. (1 5) . Saturated phosphatidylcholine was quantified by measuring inorganic phosphorus according to Bartlett (1 6) .
Data analysis. Animals were excluded from the final analysis if the terminal pH value was less than 7.0 or the Pcoz value was greater than 70 mm Hg. Values for all other surviving animals were reported. An analysis of variance followed by the Student Newman-Keul multiple comparison procedure was used to detect differences between the four groups at each gestational age and the similar groups across the four gestational ages. Compliance values were calculated for each rabbit at 10, 20, and 30 min. Significance was accepted at p < 0.01 because we chose to concentrate on only the highly significant differences given the number of groups and comparisons.
RESULTS

Status of animals.
The body weights of the corticosteroidtreated groups were less than for the control animals, and this weight difference was significant for many of the groups ( Table  1) . The mean Pco2 values were comparable for all animals, I although the 27-day gestational age animals had a metabolic acidosis.
The mean compliance values for the control rabbits increased linearly with increasing gestational age (Fig. IA) . Surfactant treatment significantly improved compliances at 27, 28, and 29 days of gestation to compliance values not different from the term newborn rabbits. Therefore, the incremental increase in compliance resulting from the surfactant treatment fell significantly as gestational age increased (Fig. 1B) . The corticosteroid treatment did not significantly improve compliance above control values at 27 davs: however. there was a maximal and significant 58% increase' in compliance at 29 days of gestational age. The combined use of corticosteroids and surfactant resulted in compliance values equivalent to the term newborn at all preterm gestational ages. These compliance values were significantly higher than either treatment alone at 27 days and 28 days of gestational age. These results showed maximal benefit of corticosteroids versus untreated animals at 29 days of gestation and of surfactant at 27 days of gestation, whereas the combined use of both agents was effmtive at both 27 and 28 days of gestational age. There were no differences for compliance responses based on sex of the rabbits for any of the groups.
Saturated phosphatidylcholine. The saturated phosphatidylcholine recovered by alveolar wash expressed as pmol/kg body weight was not increased above control values by surfactant at anygestational age (Fig. 2 ). There was a gestational age-dependent increase in alveolar-saturated ohos~hatidvlcholine. Total lung (alveolar wash plus lung homogenate)-satuiated phosphatidylcholine was significantly higher in controls than corticosteroid-treated rabbits at 28 days of gestational age. There was less recovery of the treatment doses of surfactant in the alveolar washes at 27 days of gestational age in both the control and corticosteroid-treated groups. Fetal sex did not influence the saturated phosphatidylcholine pool sizes.
Protein leak measurements. The percentage of the intravascularly injected '311-albumin recovered by alveolar wash decreased remarkably with increasing gestational age in control rabbits (Fig. 3) . At term, only 0.25% of the albumin was recovered by alveolar wash, and none of the treatments altered this low recovery. Surfactant treatment decreased the protein recovery in the alveolar wash by over 85% at 27 and 28 days of gestational age; the percentage decreases were significant but less with the corticosteroid (Fig. 4) . The maximal percentage change in leak from control values occurred with corticosteroids at 29 days of gestational age when the leak was decreased to a value not different from that measured for the term newborn animals. The combined use of corticosteroids and surfactant at 27 and 28 days of gestational age was not more effective than surfactant alone in terms of decreasing the protein leak from the vascular space to the lungs.
Less of the intratracheal '251-labeled albumin was recovered in the alveolar wash of corticosteroid-treated groups than the other groups at 27 and 28 days of gestational age (Fig. 5) . Overall, recovery increased as gestational age increased such that there were 85-90% mean recoveries in the term newborns with about 70% of the labeled albumin found in the alveolar washes.
The total protein recovered by alveolar wash decreased in the control 29-day gestational age and term newborn rabbits relative to the earlier gestational age control rabbits (Fig. 6) . However, corticosteroid treatments did not result in less protein recovery at any gestational age. Surfactant treatments decreased protein recovery at the early gestational ages relative to control rabbits as did the combined treatment groups at 27 and 28 days of gestational age. Protein recoveries or protein leak measurements were not different based on the sex of the rabbits studied.
DISCUSSION
Corticosteroid treatments of the fetus either by direct fetal injections or by maternal injections changed numerous indicators of lung maturation in a variety of animal models (1) . Most of the changes were related to effects on the surfactant system as assessed by precursor incorporation rates (1 7, 18) , increased surfactant in fetal lung fluid or alveolar washes of fetal lungs (4-6) or changes in lung pressure-volume curves (19) . High dose corticosteroids given directly to the fetus induced type I1 cell morphologic maturation in the fetal rabbit (6, 20) , and high dose maternal corticosteroid treatments increased alveolarization in the fetal monkey (21) . Kauffman (22) found that the volume density of airspaces increased more rapidly and at lower doses of maternal corticosteroids in fetal mouse lungs than did morphologic maturation of type I1 cells.
The total corticosteroid dose of 0.2 mg/kg betamethasone that we used was lower than used by most investigators in rabbits (4, 5, 17) . However, this dose did cause the expected fetal growth retardation, and Devaskar et al. (23) recently documented alterations of pressure-volume curves in rabbits using half the dose used in this study. We found that the corticosteroid dose used Large effects were seen with surfactant and surfactant plus corticosteroids in the preterm animals, and no effects were found in the term newborns.
GESTATIONAL EFFECTS O F STEROIDS AND SURFACTANT
here did not increase the compliance of ventilated 27-day gestational age rabbit lungs (7). However, the maternal corticosteroid treatments improved the response of the lungs to surfactant, decreased vascular to alveolar protein leaks, decreased lung rupture pressures, and changed the dose-response curve for exogenous surfactant (7) (8) (9) (10) . Whereas the corticosteroid dose used for these studies was comparable on a per kg body weight basis to that used clinically to induce lung maturation, there are large differences in fetal rodent and human growth rates and relative durations of exposure to the corticosteroids during late gestation. The effects that we noted occurred in the absence of a change in alveolar-saturated phosphatidylcholine pool size measured after ventilation of the rabbits, and implied primarily structural effects of corticosteroids on the fetal lungs. Fiascone et al. (4) recently reported that twice the dose of betamethasone used here increased alveolar wash saturated phosphatidylcholine from the Fig . 6 . Amount of protein in alveolar washes (A W). Surfactant (SA) treated groups had lower protein recoveries at 27 and 28 days of gestational age relative to control values. All treatment groups were less than control at 28 days of gestational age. The corticosteroid (ST)-treated groups were higher than the other groups in the term newborn rabbits.
All values are given as means k SE. lungs of unventilated fetuses, but no effect could be detected after a period of ventilation. We found no increase of alveolar saturated phosphatidylcholine pool sizes in ventilated animals at any of the gestational ages studied after maternal corticosteroid treatment. The pool sizes were very small at 27 and 28 days of gestational age and were below the minimal dose of >5 mg/kg of exogenous surfactant needed to improve compliances in 27-day gestational age control animals (10) . However, the improved compliance of the 29 days of gestational age corticosteroidtreated rabbits relative to controls could result from a better response of the lungs to the low amounts of surfactant present.
Corticosteroid treatments of the postnatal rat decreased the rate of airway clearance of small molecular weight solutes (24), indicating effects on the postnatal alveolar epithelium at a time when alveolarization was occurring. Such treatments also changed the pattern and timing of postnatal alveolarization (25).
Because pulmonary edema and subsequent interference by the alveolar edema with surfactant function is characteristic of respiratory distress syndrome (26), we thought that treatment of the fetal lung with corticosteroids might alter the alveolar and airway epithelium such that the large protein leak characteristic of the preterm lung might be decreased. Because the term newborn and adult lung was quite impermeable to protein, the change from a leaky lung to a protein-impermeable lung could be a maturational phenomenon (27). Ventilated preterm surfactant deficient lungs might leak protein because of structural immaturity rather than just from barotrauma resulting in focal overdistention and epithelial rupture (13) . At 27 days of gestational age, the magnitude of the leak was very large, and the corticosteroid treatment decreased the leak only modestly. The corticosteroids had larger relative effects at 28 and 29 days of gestational age when the protein leak was less in control animals. Because corticosteroids did not significantly improve compliance or alter alveolar surfactant pool sizes at 28 days of gestational age, the effects on protein leak from the vascular space to the alveoli should have been independent of barotrauma or surfactant. The decreased leak at 29 days of gestation might be explained by the improved compliance and therefore decreased barotrauma; however, the mean peak inspiratory pressures were all relatively low at 29 days of gestational age. These low pressures should not have caused much barotrauma. This study demonstrated that corticosteroids decreased protein leaks from the vascular to the alveolar compartments at all preterm gestations tested, although the mechanisms of the effects could differ at the different gestational ages.
Surfactant treatments decreased the protein leaks to similar low values at all three preterm gestations, and the magnitude of the effect indicated that the major cause of the protein accumulation into lung tissue and airspaces was surfactant deficiency. There was a 2.7-fold decrease in airspace leak and a 62% decrease in total lung leak with surfactant treatment at 29 days of gestational age even though compliance did not improve. Possibly the large amount of surfactant made inflation more uniform and thus minimized focal overdistention without decreasing compliance, but large amounts of surfactant also could have primary effects on the airspace epithelium that could alter protein leak.
The leak of protein from the airspaces tended to be increased at early gestational ages as reported previously (7). This effect was thought to have resulted from a possible increase in airspace surface area after corticosteroid treatments. Another possibility was the maturation of the fluid clearance behavior of the fetal lung characterized by a transient pore size increase in the immediate newborn period (27). However, no such effects were noted after corticosteroid treatments at 29 days of gestation and in term newborn rabbits. The recovery of protein by alveolar wash was not consistent with the measurements of labeled albumin movement in that the corticosteroid-treated 29-day and term newborn rabbits had high protein recoveries despite very low leak measurements. The increased protein recoveries represented protein present in the fetal lung fluid before delivery rather than a protein leak after delivery.
Our recent studies of the effects of maternal corticosteroids and thyroid-releasing hormone on subsequent lung function deemphasized the importance of surfactant-mediated effects of these agents and indicated that integrated structuraI changes resulted from such hormone exposures (9). This conclusion was consistent with the anatomic observations of changes in maturation (6, 20, 28) . Striking and additive effects of hormone treatments on type I1 cells occurred in vitro, and such in vitro systems were used primarily for studies of mechanisms of hormone action (28-30). Smith and his colleagues (30, 3 1) proposed that the primary effect of corticosteroids was mediated by a mesenchymal-epithelial interaction resulting from corticosteroid induction of fibroblasts to produce a fibroblast-pneumocyte factor that then signaled the type I1 cells to produce surfactant.
Mesenchymal-epithelial interactions are central to early lung development. Our results were consistent with a generalization of the fibroblast-pneumocyte factor model such that the fibroblast-derived signals could be more global signals that direct different cells and metabolic pathways toward maturation. Whatever the mechanisms, these studies documented potentially clinically important effects of corticosteroids on lung function across gestational ages in late gestation rabbits. The additive effects of corticosteroids and surfactant were particularly remarkable at the earlier gestational age. The Society for Behavioral Pediatrics will conduct its 7th Annual Meeting in Cambridge, MA on November 9-10, 1989. A special session honoring Dr. T. Berry Brazelton will be held on November 11, 1989 . We invite you to submit abstracts of research papers for consideration for presentation at the scientific sessions. ABSTRACTS 
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